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(57) ABSTRACT

Several embodiments include a system and method for
providing thrust recovery in an aircraft engine. The system
and method enables a wider range of safe operation for
aircrait where the aircraft engine 1s rapidly reactivated from
a substantially deactivated state. The method thereby
reduces noise output and fuel usage during descent and
shortens runway lengths and occupancy time required for
landing. Thrust recovery 1s provided via the use of stored
bleed air being re-injected back into the aircrait engine. An
onboard air storage tank and a system of valves facilitating
this method are disclosed.
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1
THRUST RECOVERY IN AIRPLANES

TECHNICAL FIELD

Embodiments relate to providing thrust recovery in planes
during landing sequence. The embodiments more particu-
larly relates to providing rapid thrust recovery while a
plane’s engine 1s disengaged to prevent situations from
escalating into an emergency.

BACKGROUND

When descending into airports, aircrait must decrease
altitude and airspeed. If the landing must be aborted, engine
thrust must be increased to safely stop descent and restore
climb as needed to attempt another landing. Thrust recovery
includes the process of increasing thrust from a given
operating state of the engine.

To ensure responsiveness to demand for increased thrust,
pilots operate their engines during the final approach at a
higher spin rate or thrust setting than optimal for descent.
This practice produces noise and pollution over the entire
portion of the approach. For a flight that aborts an attempted
approach (less than 5% of all flights), the decision to do so
1s likely to occur close to the airport, after having wasted
jet-fuel up to that decision time before needing more thrust
from the engines.

Accordingly, there 1s a need to produce reliable, adequate
thrust within the response time required by pilots while

mimmizing the wasted fuel burned and noise produced
during approach.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a flow chart 1llustrating a method of operating a
jet engine 1 accordance with various embodiments;

FIG. 2 1s a flowchart illustrating a method of controlling
an aircralt in accordance with various embodiments;

FIG. 3 1s a cross-section of a jet engine according to
various embodiments:

FI1G. 4 15 a block diagram of a jet engine 1llustrating bleed
air draw according to various embodiments;

FIG. 5 1s a blown up cross-section of a bleed air tap line
according to various embodiments;

FIG. 6 1s a cutaway 1illustration of an embodiment of jet
engine with an onboard tank;

FIG. 7 1s a cutaway 1llustration of an alternate embodi-
ment of jet engine with an onboard tank; and

FIG. 8 1s an example of a graph of thrust lag time from a
bypass turbofan engine 1n accordance with various embodi-
ments.

DETAILED DESCRIPTION

Once an airplane has lined up for final approach into an
airport, little engine thrust 1s needed from an energy per-
spective. Still, pilots must provide an adequate engine thrust
response for safe control of the aircraft at all times during the
flight. During the operational phases of takeofl, climb and
cruise, engine response to throttle changes 1s less of a
concern because response times are within a few seconds at
the airspeeds and engine spin rates during these phases of
flight. Reducing throttle during these phases can also
quickly reduce thrust due to the work load demanded from
and provided by the engine over these nominal operational
conditions.
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Landing includes four primary phases: descent, approach,
touch-down, and deceleration. During landing, but just after
touch down of the front wheels, pilots engage reverse thrust
from the engines to slow the aircrait. The slow thrust
recovery response time of the engine during reverse thrust
leads to longer runway occupancy times and distances
before safe runway exit that overall reduce the rate of
arriving aircraft. The same slow thrust response governs the
arrival capacity of runways where the time and distance
required to slow down requires larger separation between
successive arrivals. Traditional thrust recovery for arrivals
also impacts overall airside capacity through interference
between arrival and departure operations when departing
aircraft must wait for arriving aircraft to pass while decel-
erating on an intersecting runway.

Within most of the descent portion of thght, the speed of
the aircraft provides suflicient airflow for adequate throttle
response. However, during final approach, the slow airspeed
of the aircralt, combined with the reduced throttle and thrust
setting for landing, puts the engine into a region of operation
where slow responsiveness to changing throttle settings for
increased engine thrust threatens the pilot’s ability to safely
abort the landing.

While some occasional thrust may be necessary for
adjusting flight-specific conditions, 1n normal conditions,
the thrust provided by the engine during final approach 1s
counter-productive to the goal of slowing the aircrait. The
active engines during final approach also leads to a larger
angle of attack and spoilers to increase drag, to counter the
thrust, and hence produce a bigger wake impact than needed
to support tlight. Larger wakes lead to larger separation
between successive landings and lower arrival rates. The
practice of active engines during landing works against the
concept of continuous descent where the goal 1s for as
passive a landing process as possible to minimize wake and
landing process time.

The thrust recovery process begins as increased jet-fuel

combustion produces suction at the intake to the compres-
sors behind the fan that draws 1n more air for increased
levels of combustion and so on. At slow air speeds and fan
spin rates, abrupt increases in combustion can more readily
draw exhausted air back through the bypass duct into the
combustor than increase the angular velocity of the fan for
fresh air.

With an adequate supply of oxygen or fresh air when the
composite fan spin rates are low, high-pressure spool spin
rates could increase rapidly and transfer energy to the
low-pressure spool at the exhaust portion of the engine
through the chemical heat and expansion that occurs from
combustion. The faster increase n air tlow through the
engine will lead to a large suction behind the fan at the intake
of the compressors to draw air through the fan to sustain
increasingly higher rates of combustion than possible while
otherwise air intake limaited.

During typical active operation, the high bypass ratio
turbo fan engines provide roughly 75% or more of delivered
thrust from the bypass air stream with the remaining portion
coming from the exhaust jet. During thrust recovery, more
thrust could be supplied from a higher jet exhaust thrust and
sooner by the techmique of delivering stored air to the
combustor during thrust recovery thereby aiding the thrust
recovery. While the low-pressure spool 1s spinning up,
low-pressure, slower turbines produce less load upon the
exhaust jet that would result 1n a higher exhaust velocity that
would provide immediate thrust at higher levels than pos-
sible while otherwise air intake limaited.
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FIG. 1 1s a flow chart 1llustrating a method of operating a
jet engine 1n accordance with various embodiments. In step
102, a plane begins a descent sequence. In step 104, during
this descent sequence while the engines are still operational,
a valve controller operates valves on feed lines to direct
bleed air to an onboard air tank.

Bleed air 1n gas turbine engines 1s compressed air that 1s
taken from the compressor stage of the engine, which 1s
upstream of the fuel burning section. Engine bleed air comes
from the high stage or low stage engine compressor section.
Bleed air 1s valuable in an aircrait for two properties: high
temperature and high pressure (e.g., 200-250° C. and 275
kPa (40 PSI), respectively). There are several kinds of bleed
alr 1n an engine: customer air, cooling air, nacelle de-1cing
air, and air used in bleed valves.

In various embodiments, inerting membranes generate a
fourth class of bleed air: oxygen-rich bleed air. The process
of “inerting” refers to separating oxygen, a comparatively
reactive gas, out a gas mixture. Appropriate bleed air tap line
systems create oxygen-rich bleed air. Oxygen-rich bleed air
1s created by tapping bleed air downstream of an inerting
membrane, which accepts nitrogen-rich air, and directing the
nitrogen-rich air toward other bleed air purposes (customer
air). Oxygen separation from inert gases occurs onboard to
remove N, supplied to fuel tanks to prevent the formation of
volatile vapors. The remaining O, stored 1n the tank reduces
nitrogen oxide compounds from forming as part of the thrust
recovery process, and reduces the volume of air needed to
supply a given mass of oxidation agent for combustion
during aided thrust recovery. The engine supplies more
thrust from the limited bleed air tube volume than possible
from storing air with atmospheric concentrations of nitro-
gen.

In step 106, a pilot notification light turns on when a
suflicient amount of bleed air 1s stored 1n the onboard air
tank. In some embodiments, pilot notification appears as an
indicator on a cockpit instrument panel. Illustrative
examples of pilot notification lights include lights, colored
lights, gauges, or any other suitable means known 1n the art
of providing information to a pilot.

In step 108, when the plane’s onboard storage tank
accumulates enough extra bleed air to operate aided thrust
recovery and has attained a suflicient approach distance,
either the pilot or an automated landing module substantially
deactivates the combustor 1n the plane’s jet engines. Illus-
trative examples ol “substantially deactivated” comprise:
completely dormant, idling, any state where the jet engine 1s
not providing thrust, and at a power level insuflicient to keep
the plane airborne indeterminately. In this state, the pilot
then glides the plane 1n for landing.

Some cases ol step 110 result 1n an aborted landing
sequence. In step 112, when the landing sequence 1s aborted,
a valve controller toggles valves directing air 1n the onboard
air tank back into the jet engine, which provides the com-
bustor with fresh air to burn. The air supplied by the onboard
air tank provides a substitute for air that would be provided
by the fan 1f the engine were active. The additional supply
ol air enables the combustor, or high-pressure spool, to reach
high spin rates and transfer more chemical energy to the low
pressure spool turbine and 1n turn to 1crease its spin rate to
more quickly restore thrust within the time required to safely
abort a landing attempt.

On-demand supply of the main oxidation agent at high
pressure supports ongoing combustion of jet-fuel to produce
a higher angular acceleration rate in the high-pressure spool
from jet exhaust driving the turbine while the compressor 1s
under a light load. The higher jet exhaust through the
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4

low-pressure turbines, i turn, produces a faster angular
acceleration rate of the bypass turbofan. Hence, the desired
thrust 1s realized sooner than could have been realized by
waiting for the combustor to draw the same volume of air
through the fan while operating under intake-limited con-
ditions.

Delivery of air from the onboard tank increases the
combustion rate as fast as possible for a given fuel delivery
rate until a mimimum spin rate of the high-pressure spool 1s
reached. In step 114, an air clutching mode of operation
reconnects the high spin rate combustor to the turbofan by
reducing air supply from storage. In the air clutching sub-
mode, a valve controller reduces air supply gradually to
ensure combustor spin rates are held as high as possible
while suction 1s 1ncreased behind the turbofan. When the
landing 1s not aborted, the plane glides i1n for a landing
without use of the stored air 1n the onboard tank.

FIG. 2 1s a flowchart 1llustrating a method of controlling
an aircraft in accordance with various embodiments. The
control system regulates the flow of air for aid during aided
thrust recovery. In step 202, a sensor control system senses
the turbofan rotational velocity, combustor turbine rotational
velocity, fuel tlow rate or throttle, storage tank pressure,
bleed air pressure, compressor, flight speed and altitude.
Airflow and remaining pressure are controlled through a
computer and computer-controlled bi-directional valve.

Control during air storage regulates intake rates to ensure
that bleed air supply line flow rates are suflicient for typical
operation. In step 204, a sensor control system determines 1f
storage tanks reach the mimimal pressure and volume
required for aided thrust recovery operation. Until that point,
the aircrait operates as 1f the upcoming approach will require
historical throttle settings. In step 206, 1f storage air has not
reached a suflicient amount, the valve system or a sensor
controller directs more air into the storage tank until the
suflicient amount of air 1s reached. Once adequate storage of
air 1s reached, the control system provides an indicator that
aided thrust recovery 1s available.

In step 208, control systems detect requests during
approach to enter into aided thrust-recovery mode. Once 1n
this mode of operation, sensors detect an increase in thrust
demanded by the pilot to engage the aided thrust recovery
mode of operation.

Control during aided thrust recovery mode of operation
involves two stages or sub-modes. In step 210, the delivery
of air from the storage tank increases the combustor spin rate
as fast as possible given fuel delivery rate until a minimum
spin rate 1s reached. In step 212, sensors determine 1 the
turbine and compressor (on the high-pressure spool) have
reached the minimum spin rate to enter air clutching mode.

The clutching sub-mode of operation reconnects the high
spin rate combustor turbine to the fan and reduces air tlow
from storage. In step 214, during the air clutching sub-mode,
the valve system reduces air supply gradually to ensure
combustor turbine spin rates are held as high as possible
while normal airtlow through the fan 1s increased to the
compressors. Air flow from storage may start before com-
bustion to prevent compressor stall during high-pressure
spool spin up. The low-pressure spool (comprising the fan,
the low-pressure compressor, the low-pressure turbine and
the nozzle) may contain a gear reduction in very large
bypass engines to slow fan tip speeds. These components
spin 1n the 2,500-10,000 RPM range but are mechanically
connected by a shaft. So the “air clutching”™ action happens
in two places. The first 1s between the fan and compressor,
and 1s caused through suction from the high-pressure com-
pressor. The second 1s between the high-pressure turbine and
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the low-pressure turbine, and 1s caused by the exhaust jet.
The high-pressure spool shaift comprises both the high-
pressure turbine (sometimes referred to as the combustor
turbine) and the high-pressure compressor. .

The increased
rate of combustion enabled from the stored air increases the
rate of change 1n work acting upon the low-pressure spool
than 1s otherwise possible when operating 1n limited intake
air conditions.

FIG. 3 1s preferred embodiment of a high-ratio bypass
turbofan engine 2. A bypass turbofan engine 2 includes
many parts. The main components are two or more co-axial
mounted spools, the high-pressure spool 4 and the low-
pressure spool 5. The high-pressure spool 4 1s mounted on,
and has a greater diameter than the low-pressure spool 5. In
some embodiments of a turbofan engine 2, the spools 4 and
5 intertace with bearings 6. Each spool 4 and 5 are enabled
to rotate independently. Rotating components on each spool
are symmetric about the axis 3. Each spool 4 and 5 rotates
about the same axis 3 with relative rates governed by the
physics of airflow through the varying stages ol compres-
sion, combustion, and decompression within the engine.
Components on different spools 4 and 5 may rotate 1n
alternate angular direction.

Each spool 4 and 5 includes active components. The
low-pressure spool 3 comprises active components on either
side of the high-pressure spool 4. Beginning from the lett of
the figure, the low-pressure spool 5 includes the fan 8, and
the low-pressure compressor 10.

Continuing right, from the left, the high-pressure spool 4
comprises the high-pressure compressor 12, and the high-
pressure turbine 15. The high-pressure turbine 15 1s often
referred to 1n this disclosure 1 conjunction with the com-
bustor 14. The combustor 14 1s a chamber where combustion
reactions occur. The combustor 14 mixes jet fuel from a fuel
source 16 and air to the correct conditions to react hydro-
carbons in the jet fuel with oxygen from the working fluid
17. The combustor 14 does not actually spin; however, the
most direct force of the combustion reactions are applied to
spin the high-pressure turbine 15. For purposes of this
disclosure, references to the combustor 14 “spinning” refer
to the high-pressure turbine 15.

Returning to the low-pressure spool, the last components
are the low-pressure turbine 18 and the nozzle formed
between 19 and 25. Thus, the low-pressure spool 5 contains
the fore-most fan 8 and aft-most turbine 18. The exhaust
airtlow works upon the high pressure and low-pressure
turbines 15 and 18 as jet velocity increases before ejection
into the atmosphere 20. Energy transferred to the high-
pressure spool 4 increases the rate of airflow through the
high-pressure compressor 12 providing more air to the
combustor 14. Energy transierred to the low-pressure spool
5 1increases the rate of airtlow through the fan 8 and
low-pressure compressor 10.

The outer-most housing 22 may be shaped differently
between the top, bottom, and sides (not shown) to minimize
drag on air flowing around the engine 2. Athxed to the
outer-most housing 22 1s a wing mount 23 which 1s used to
connect the jet engine 2 to the wing of a plane. Additionally
allixed to the outer-most housing 22 are reverse thrust doors
24. The reverse thrust doors open to deflect airflow during
deceleration. The reverse thrust doors are configured to be
used with various embodiments. Re-engaging the engine 2
can provide reverse thrust more quickly thereby decelerating
a plane with forward velocity and enabling the plane to leave
a runway sooner than otherwise safely possible.

There 1s additionally an mmner-most covering, known as
the combustor shroud 25. The outer-housing 22 and the
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combustor shroud 25 are structurally connected with a series
of stationary support vanes 26. Additionally, the combustor
shroud 235 includes a plurality of stationary vanes 28 which
interface with the compressors 10 and 12. Additionally, the
compressors 10 and 12 give off bleed air 1n tap lines 30 and
32.

FIG. 4 15 a block diagram of tap lines of the invention. In
FIG. 4, boxes represent components of a jet engine 2, where
the fan 8 1s at the front of the engine and the core nozzle 19
1s at the rear of the engine 2. Arrows represent direction of
bleed air directed from the engine 2. In this embodiment,
bleed air 1s tapped downstream of engine uses of bleed air
for storage in the onboard tank. In this embodiment, only
one feed line 1s displayed; however, in many embodiments,
a plurality of feed lines 1s used to tap and deliver bleed atr.
Return air sent to the engine 2 1s enabled to return through
new bleed-air lines or existing lines. Existing lines can
include the cooling lines.

FIG. 5 1s a blown up cross section of a bleed air tap line
according to various embodiments. Bleed air tap lines tap
the bleed air coming from the jet engine’s two compressors
10 and 12. In some embodiments, a tap line 30 for bleed air
contains branches: tap line branch 30A and tap line branch
30B. Air comprises roughly 21% oxygen and 78% nitrogen.
In this illustrative embodiment, tap line 30B contains an
inerting membrane 31. The inerting membrane 31 enables
substantially only nitrogen, a gas that does not burn with fuel
vapors, to flow down tap line branch 30B. The substantially
dominant nitrogen gas 1s then directed toward normal cus-
tomer air purposes.

In some embodiments, rather than an inerting membrane
31, a high-punty oxygen membrane (such as polymeric or
ceramic membranes) or sponge (such as a zeolite sponge) 1s
used to create substantially dominant oxygen gas. In these
embodiments, the oxygen-rich gas flows down tap line
branch 30B and the mitrogen-rich gas tlows down tap line
branch 30A. For these embodiments, where each tap line
branch 30A and 30B end are reversed.

Not all of the nitrogen 1n the bleed air will flow through
the mnerting membrane 31; however, the remaining air will
be oxygen rich (comprising noticeably more than 21%
oxygen). The remaining oxygen-rich air 1s directed through
tap line branch 30A. In this i1llustrative embodiment, the tap
line branch 30A i1s directed toward an onboard tank 34:
however, 1n some embodiments a valve system enables this
oxygen-rich air to be directed to customer air as well.

Through use of an inerting membrane 31, the air provided
back to the combustor during aided thrust recovery 1is
oxygen rich and accordingly provides a more eflective
combustion reaction. A tradeofl that occurs with running the
jet engine 2 on oxygen-rich air i1s that the combustion
reactions are hotter. In some jet engines, 11 the percentage of
oxygen 1n the air used to fuel the combustor 1s too high or
even pure, the combustion reaction will melt parts of the
engine. However, various embodiments are not intended for
regular use 1n jet engines, nor prolonged use, and thus high
concentration oxygen reactions are suitable in some jet
engines.

FIG. 6 1s a cutaway 1illustration of an embodiment of a jet
engine 2 with an onboard tank. The jet engine 2 1s connected
to an onboard tank 34 by a tap line 30 and an 1njection line
32. Both the tap line 30 and the 1injection line 32 are operated
by valve system 36. In some embodiments, the onboard tank
34 serves the single purpose of providing air storage for
aided thrust recovery. In other embodiments, the onboard

tank 34 1s a fuel tank.
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In embodiments where the onboard tank 34 1s a fuel tank
used for jet-fuel, the fuel tank 1s preferably empty before
used for bleed air storage. I1 the fuel tank 1s not first emptied
of fuel, the bleed air would provide an oxidation path for tuel
vapors. Potential fuel ignition in the onboard tank 34 1s
dangerous and preventing this condition 1s the main safety
benelit of onboard inerting systems.

The 1mnjection line 32 1n FIG. 6 1s displayed as imjecting
bleed air into the aft-most end of the high-pressure com-
pressor 12. In some embodiments of the onboard tank 34
when the onboard tank 34 i1s also a fuel tank, the injection
line 32 1s the same line used for fuel 1njection 16 into the
combustor. This embodiment requires the fuel and air mix-
ture temperature and pressure remain below the ignition
point, but could provide a specific mixture best suited for the
initial stages of aided thrust recovery specific to a particular
engine model different than that used during normal opera-
tion.

FIG. 7 1s a cutaway 1llustration of an alternate embodi-
ment of a jet engine with an onboard tank. In this embodi-
ment, the injection line 32 1s located at the upstream end of
the high-pressure compressor 12. The reduced heat and
pressure of this embodiment may reduce material complex-
ity but include more parts. In some embodiments, air 1s
supplied to existing bleed air supply lines in order to direct
the airtlow back into the high-pressure compressor 12,
without creating new taps or nozzles specific to the direction
of the airflow. Aided thrust recovery should not interfere
with down-stream bleed air systems that regulate cabin
pressure since those sub-systems already detect and respond
to flow and pressure conditions that might occur 1n un-aided
thrust recovery.

The process of thrust recovery 1s similar to that of
releasing a car’s manual transmission clutch. The angular
momentum of the car engine’s flywheel 1s transferred to the
wheels for rotation of the tires through releasing the clutch
pedal. Drivers learn to press on both the engine fuel pedal
and the clutch pedal to match the rotation speed of the
engine to the current velocity of and load on the wheels by
selecting the right gear and tuel, throttle, or accelerator pedal
position.

Operating a turbofan engine during traditional thrust
recovery at low airspeed and rotational velocity would feel
like a car stuck 1n high gear at slow speeds attempting to
accelerate up a hill. The drniver would engage the clutch to
separate the engine from the load. The driver can then
increase fuel to increase engine spin rates and momentum to
enable higher power transfer to the load before smoothly
dis-engaging the clutch. For the turbofan engine, this means
providing stored air to quickly spin up the combustor turbine
and then reducing stored air flow to the combustor 1n a
controlled manner similar to how drivers would control the
clutch to prevent stalling the engine.

The slow response to pilot demands for increased thrust
during approach 1s an artifact of the bypass ratio of modern
engines. The higher ratios require longer ramp times due to
limited rate of increased airtflow supplied to the combustor
through the fan. The rate of thrust increase 1s limited by the
rate of increase 1n air supply to the combustor intake. This
in turn 1s limited by the low flow rate of air through the fan
and the angular inertia of the large fan.

FIG. 8 1s an example of a graph of thrust lag time from a
bypass turbofan engine in accordance with various embodi-
ments. This lag can be seen 1n the typical throttle recovery
response for bypass turbofan engines 1n FIG. 8. The portion
of the diagram labeled “Approach™ shows the lag to
demanded thrust during recovery. The lag time during full
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thrust recovery process 1s more pronounced with increased
bypass ratios. Higher bypass ratios shift the performance
curve from point 801 1n FIG. 8 to point 802 1n FIG. 8. The
region between solid lines represents the performance of one
particular engine over varying atmospheric conditions of
airport altitudes, temperature, pressure, humidity and head-
winds. The areas between dotted lines represent the change
in recovery performance from the nominal model that pro-
duced the solid line response. Aided thrust recovery expects
to shift the performance from 801 to 803. Using the car
analogy, higher bypass ratios respond like accelerating a
slow moving car with its transmission 1n too high a gear for
the engine to produce adequate response for increased speed.

A better design meets thrust response times from a
reduced throttle setting. This allows pilots to safely control
their aircrait while reducing noise and pollution from wasted
jet-fuel combustion. The potentially smaller wake and
steeper glide slope would reduce the time wasted due to
engine operational limitations. This can be seen as shifting
thrust recovery performance towards operational range 803
in FIG. 8.

Turning off the combustor completely would provide the
most benefits, but the particular benefits of carbon monoxide
reduction may not apply to the engine when operated at idle
throttle settings during approach versus 1dle throttle settings
on the ground. The freedom to turn oil the combustor would
depend upon how eflectively passive engines can supply
power needed to control systems. For situations where bleed
air supply 1s insuilicient without fuel combustion, air stored
onboard can power airplane control so long as enough stored
air capacity remains to produce the rapid thrust response
needed for safely aborting the landing.

Other embodiments of the mvention comprise stored or
generated oxygen for aided thrust recovery. In these embodi-
ments, single-use canisters of pure oxygen or oxygen-rich
air are used. In this case, the systems would always be
available and no pilot indictor would be needed. For the
purposes of this disclosure, references to the terms “com-
bustor” and “combustor turbine” comprise the chamber 1n a
jet engine where a combustion reaction occurs; the apparatus
that combines heat (spark), fuel vapors, and oxygen; and the
jet engine turbine, which recerves the most direct force from
combustion reactions occurring within the jet engine. Com-
ponents of the combustor or combustor turbine that can be
activated comprise any moving parts and any active air
pressure zones within the area of the engine, which can be
referred to as the “combustor” or “combustor turbine.”

Some embodiments include a method for thrust recovery
in a jet engine. The method can include: storing high-
pressure bleed air from a compressor on the jet engine 1n at
least an onboard tank. Substantially deactivating a combus-
tor of the jet engine during flight. Operating a valve to feed
high-pressure gas from the onboard tank through the jet
engine thereby reactivating the combustor. The high-pres-
sure bleed air can be stored after a cruise phase of flight
operation has ended. Operating the valve can include 1nject-
ing high-pressure gas into the jet engine at a compressor
intake. Operating the valve can include injecting high-
pressure gas 1nto the jet engine at a high-pressure compres-
sor. The high-pressure gas can be the high-pressure bleed air.

In some embodiments where aircraft engines have inte-
grated electric power generation for onboard systems, the
same technique of storing compressed air during descent can
be accomplished with electric compressors or tanks filled on
the ground before flight. It 1s also possible to charge the
onboard batteries during descent to then enable the engine
starter mechamism during aided thrust recovery to increase
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the spin rate of the compressor from the combined electric
motor torque and increased fuel combustion at settings other
than those typical for cold starting on the ground. The tlight
computer would detect the condition of suflicient stored
battery power before allowing the aircraft to enter the aided
thrust recovery mode. For aircrait with reduced bleed air
systems, the stored air could be nearest the engine since
these models still rely upon bleed air heat and pressure to
de-ice nacelles and so must contain minimal ducting that can
supply bleed air during descent for later aided thrust recov-
ery.

In some embodiments, the storage tank or tanks can be
housed within the engine near the high-pressure compressor.
This mode would still allow downstream uses of bleed air
within the engine and de-icing on the nacelle 38 in FIG. 3
and for mixing and cooling within the engine as 1n FIG. 4
and would prevent the need for routing bleed air supplies
into the wing for aircraft with electric onboard power design
architectures.

In some embodiments, the method can further comprise
substantially separating one or more non-oxygen compo-
nents of the high-pressure bleed air and/or directing one or
more non-oxygen components of the high-pressure bleed air
to customer air. The high-pressure gas can comprise oxygen-
rich bleed air. In some embodiments, the method can further
comprise monmtoring the storing of high-pressure bleed air 1n
the onboard tank and displaying, via a pilot terminal, an
indication that suthcient high-pressure bleed air has been
stored to reactivate the combustor. Operating the valve can
be responsive to a throttle adjustment for the jet engine. In
some embodiments, the method can further comprise per-
forming an air clutching operation to reconnect the com-
bustor while at high rate of spin to a fan by gradually
reducing air supply from the onboard tank to ensure com-
bustor spin rates produce the maximum energy transier rate
to the fan and the low pressure turbine while airtlow 1s
restored through the fan.

Some embodiments include a jet engine apparatus. The jet
engine apparatus can include a combustor operable to pro-
vide thrust to the jet engine; a high-pressure compressor,
which feeds air to the combustor and gives off a bleed air
supply; an onboard air tank storing high-pressure air; a bleed
air exchange port disposed between the high-pressure com-
pressor and the onboard air tank to receive the bleed air
supply from the high-pressure compressor; a spin-up valve
system located within the bleed air exchange port and
actuated from a cockpit of an airplane which, when opened,
directs air flow through the bleed air exchange port; a valve
controller configured to cause the spin-up valve system to
draw the bleed air supply from the high-pressure compressor
through the bleed air exchange port into the onboard air tank
while the jet engine 1s in operation and to direct high-
pressure air from the onboard tank through the bleed air
exchange port and to the combustor thereby spinning up the
combustor when the jet engine 1s substantially not 1n opera-
tion; or any combination thereof.

The jet engine apparatus can further comprise a pressure
sensor capable of detecting when suilicient high-pressure air
1s contained in the onboard air tank to spin up the combustor.
The jet engine apparatus can further comprise a controller
capable of receiving signals readings from a plurality of
sensors and instruments on the airplane. When predeter-
mined signal readings are received, the controller can be
configured to cause throttling in the cockpit to actuate the
spin-up valve. The controller can direct a clutching opera-
tion to reconnect the combustor while at high rate of spin to
a turbofan by gradually reducing air supply from the
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onboard air tank to ensure combustor spin-rates are held as
high as possible while suction 1s increased behind the
turbofan leading to a sustained supply of fresh air through
the fan for combustion and thrust. This mode may prevent
pilot response delays from impacting aided thrust recovery
safety and performance. This mode may also facilitate a
remotely triggered safety override mode that could allow air
traflic controllers to provide as much response time for go
around maneuvers as possible 1n the event of conditions that
close the runway to approaching aircratit.

The onboard air tank can be a fuel tank. The bleed air
exchange port can be connected directly to the combustor
such that air from the onboard tank is directed into the
combustor. The spin-up valve system can comprise a plu-
rality of valves. The jet engine apparatus can further com-
prise an air separator inside the bleed air exchange port and
operative to ensure that the air directed towards the com-
bustor from the onboard air tank 1s substantially oxygen gas.

Some embodiments include a method for thrust recovery
in jet engines. The method can comprise: at least substan-
tially deactivating a combustor of a jet engine during flight;
operating a valve to feed high-pressure oxygen from an
auxiliary high-pressure oxygen tank through the jet engine
thereby reactivating the combustor; replacing an empty
auxiliary high-pressure oxygen tank with a full auxiliary
high pressure oxygen tanks; or any combination thereof.

Some embodiments can include a method of constructing
a thrust recovery system for a jet engine. The method can
comprise: 1nstalling an air tank in an airplane body; con-
necting feed lines which join the air tank to any of a
high-pressure compressor of the jet engine and/or a com-
bustor of the jet engine; athxing a valve system to the feed
lines to direct tlow of bleed air generated by the jet engine;
providing a valve control system responsive to throttle
adjustment for the jet engine enabling bleed air to flow to
and from the jet engine and the air tank; or any combination
thereof. The method can further comprise installing a pres-
sure gauge to the air tank and connecting the pressure gauge
to a pilot display terminal. The method can further comprise
aflixing outputs of a plurality of airplane instruments to the
valve control system.

The mnvention claimed 1s:

1. A method for thrust recovery 1n a jet engine, compris-
ng:

storing pressurized gas including at least a portion of a

pressurized bleed air from a compressor on the jet
engine 1 at least an onboard tank;

substantially deactivating a combustor of the jet engine

during flight;

operating a valve to feed the pressurized gas from the

onboard tank through the jet engine thereby reactivat-
ing the combustor;

monitoring the storing of the pressurized gas in the

onboard tank; and

displaying via a pilot terminal an indication that suflicient

pressurized gas has been stored to reactivate the com-
bustor.

2. The method of claim 1, wherein said storing the
pressurized gas occurs aiter a cruise phase of flight operation
has ended.

3. The method of claim 1, wherein operating the valve
includes 1njecting the pressurized gas into the jet engine at
a compressor intake.

4. The method of claim 1, wherein operating the valve
includes 1njecting the pressurized gas into the jet engine at
a high-pressure compressor.
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5. The method of claim 1, wherein the pressurized gas 1s
entirely the pressurized bleed air.

6. The method of claim 1, further comprising:

substantially separating one or more non-oxygen compo-
nents of the pressurized bleed air; and

directing the one or more non-oxygen components of the
pressurized bleed air to customer air; and

wherein the portion of the pressurized bleed air 1s oxygen-

rich bleed air and the pressurized gas comprises the
oxygen-rich bleed air.

7. The method of claim 1, wherein said operating the

valve 1s responsive to a throttle adjustment for the jet engine.

8. The method of claim 1, further comprising;:

reconnecting the combustor to a turbofan by gradually
reducing the feed of the pressurized gas from the
onboard tank to ensure maximum spin rates of a
combustor turbine while airflow 1s increased through
the turbofan to support sustained operation from ambi-
ent air.

9. The method of claim 1, turther comprising;:

opening a set of reverse thrust doors on the jet engine

during landing of an associated aircraft.
10. The method of claim 1, wherein the onboard tank 1s

a fuel tank.
11. The method of claim 1, wherein the pressurized gas 1s
2’75 kPa.
12. A method for thrust recovery 1n a jet engine, coms-
prising:
storing a gas including at least a portion of a bleed air
from a compressor on the jet engine 1n an onboard tank;
substantially deactivating a combustor of the jet engine
during flight;
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operating a valve to feed the gas from the onboard tank
through the jet engine thereby reactivating the com-
bustor;

monitoring the storing of the gas in the onboard tank; and

displaying via a pilot terminal an indication that suflicient

gas has been stored to reactivate the combustor.

13. The method of claim 12, wherein said storing the gas
occurs after a cruise phase of tlight operation has ended.

14. The method of claim 12, wherein operating the valve
includes 1njecting the gas into the jet engine at a compressor
intake.

15. The method of claim 12, wherein operating the valve
includes injecting the gas into the jet engine at a high-
pressure Compressor.

16. The method of claim 12, further comprising:

substantially separating one or more non-oxygen compo-

nents of the bleed air; and

directing the one or more non-oxygen components of the

bleed air to customer air; and

wherein the gas comprises oxygen-rich bleed arr.

17. The method of claim 12, wherein said operating the
valve 1s responsive to a throttle adjustment for the jet engine.

18. The method of claim 12, further comprising:

reconnecting the combustor to a turbofan by gradually

reducing the feed of the gas from the onboard tank to
ensure maximum spin rates of a combustor turbine
while airflow 1s increased through the turbofan to
support sustained operation from ambient air.

19. The method of claim 12, further comprising:

opening a set of reverse thrust doors on the jet engine

during landing of an associated aircratt.
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